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Many small- and medium-sized mammals dig for their food.
This activity potentially affects soil condition and fertility.
Digging is well developed especially in Australian
mammals, many of which have recently become rare or
extinct. We measured the effects of digging by mammals on
soil in a Tasmanian temperate dry sclerophyll forest with an
intact mammal community. The density of diggings was
5812 ha21, affecting 11% of the forest floor. Diggings were
created at a rate of around 3113 diggings ha21 yr21,
disturbing 6.5% of the forest floor and displacing
7.1 m3 ha21 of soil annually. Most diggings were made by
eastern bettongs (Bettongia gaimardi) and short-beaked
echidnas (Tachyglossus aculeatus). Many (approx. 30%) fresh
diggings consisted of re-excavations of old diggings. Novel
diggings displaced 5 m3 ha yr21 of soil. Diggings acted as
traps for organic matter and sites for the formation of new
soil, which had higher fertility and moisture content and
lower hardness than undisturbed topsoil. These effects on
soil fertility and structure were strongest in habitats with
dry and poor soil. Creation of fine-scaled heterogeneity by
mammals, and amelioration of dry and infertile soil, is a
valuable ecosystem service that could be restored by
reintroduction of digging mammals to habitats from which
they have declined or gone extinct.
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21. Introduction
Ecosystem engineers are species that have strong effects on ecological communities by causing physical
changes to the environment, which create, modify or maintain habitat for other species [1].
Bioturbation—the physical displacement of soil or sediment by organisms—is an important form of
ecosystem engineering because of its effects on small-scale topography and the development of soil [2].
Digging by vertebrates can be an important mechanism of bioturbation and may have effects that
include acceleration of material flows in ecosystems and creation of regeneration niches for plants [2,3].
Most research on the effects of digging by mammals has focused on burrowing species [3]. Burrowing
has strong and semi-permanent effects on microtopography [4], on availability and distribution of
nutrients [5,6], and consequently on biotic communities [5–7]. Burrowing can cause turnover of
massive amounts of soil at landscape scales. For example, pocket gophers (Geomyidae spp.) in North
America excavate around 18 m3 ha21 yr21 of soil [8,9].
Many mammals forage by digging, creating excavations that are smaller and more ephemeral than
burrows, with effects that are likely to be subtle compared with burrowing. Nonetheless, diggings can
occur at high density [10–13] and turn over large volumes of soil [3]. For example, in Switzerland,
grubbing by wild boar (Sus scrofa) may disturb 27–54% of the forest floor [14]; American badgers
(Taxidea taxus) displace soil at 5.1 t ha21 yr21 [12]; Cape porcupines Hystrix africaeaustralis make up to
3463 diggings ha21 yr21 and displace 1.6 m3 ha21 yr21 [15]. These activities could have large
cumulative effects on ecosystems.
In Australia, many medium-sized mammals forage by digging [16]. These mammals include
echidnas (Tachyglossus aculeatus) and several species of rat-kangaroos (Potoroidae) and bandicoots
(Peramelidae), which dig for patchily distributed resources such as subterranean invertebrates or
fungi. Foraging by these animals creates many intermediate-sized pits, which gradually refill with
soil and leaf litter. This cycle of pit excavation and soil re-formation may change soil structure,
microtopography, and the structure and biomass of the litter layer; it generates fine-scaled habitat
heterogeneity [16]. However, on mainland Australia, it is difficult to evaluate the magnitude of
these effects, because many of the excavating mammals have become rare or extinct due to impacts
of introduced predators, especially the red fox Vulpes vulpes [16,17]. Invasive predators have had
their greatest impacts on Australian mammals in the so-called critical weight range, between
about 35 and 5500 g [18,19]; this body-mass range includes the majority of species that dig for their
food.
Tasmania provides an opportunity to establish the ecological effects of digging mammals because, in
the absence of the red fox, the community of medium-sized mammals is largely intact, and most species
remain common throughout their original ranges. The mammalian fauna of Tasmania includes five
species that weigh between 1 and 5 kg and feed almost entirely by digging: the eastern bettong
(Bettongia gaimardi) and long-nosed potoroo (Potorous tridactylus), which feed mainly on subterranean
fungi [20,21], the eastern barred bandicoot (Perameles gunnii) and southern brown bandicoot (Isoodon
obesulus), which dig for invertebrates and fungi [20], and the short-beaked echidna, which digs for
invertebrates [22]. These species typically feed by excavating discrete foraging pits that may be 15 cm
(or more) deep while creating adjacent mounds of soil thrown out of the pits (authors’ observations
from this study).
We aimed to determine the magnitude and pattern of impacts on soil of an intact assemblage of
native digging mammals in a temperate dry sclerophyll forest ecosystem in southeast Tasmania. Our
study area included a range of forest types on a soil-fertility gradient, allowing us to test whether the
effects of digging mammals on soil differed according to soil characteristics. We measured the
densities of diggings and their rate of production to estimate the total physical effect of soil
displacement and disturbance of the soil surface. We then compared the composition and structure of
soil that formed as a result of the infilling of pits with soil from matched undisturbed sites and from
spoil heaps created by mammals as the pits were excavated.2. Methods
2.1. Study site
We worked in the Gravelly Ridge Conservation Area (2300 ha) near the town of Colebrook in southeast
Tasmania (428330 S; 1478300 E). The topography of the area is characterized by parallel ridges divided by
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underlain by Permian silty sandstone (with thin sandy loam and yellowish clayey soils), with
some quartz siltstone (with thin, fine, grey, clayey soils rich in gravel) and occasional dolerite
deposits and pebble and mud conglomerates. The western part is underlain by Triassic quartz
sandstone (thin sandy loam and yellow/orange clayey soils), shale (brown, muddy soils) with
occasional siltstone, mudstone and sandstone deposits. Average rainfall is 630 mm, distributed
evenly throughout the year. Dominant tree species are Eucalyptus tenuiramis, E. obliqua and E.
amygdalina, with a mid-storey typically including Acacia dealbata, A. melanoxylon, A. mucronata and
Exocarpos cupressiformis. The understorey is generally sparse and open, consisting mainly of small
scleromorphic shrubs and grasses.
We distinguished four habitat types using a habitat classification developed for the larger region by
the Tasmanian Forest Practices Authority [23], as follows:
(1) Eucalyptus amygdalina grassy forest: canopy dominated by E. amygdalina with understorey dominated
by the tussock-forming Lomandra longifolia and grasses;
(2) Eucalyptus amygdalina shrubby forest: canopy dominated by E. amygdalina with understorey of tall
shrubs and sedges;
(3) Eucalyptus obliqua shrubby forest: canopy dominated by E. obliqua with some E. amygdalina, and
understorey dominated by tall wet and dry sclerophyll shrubs with a mid-storey of Exocarpos
cupressiformis and Acacia species;
(4) Eucalyptus tenuiramis heathy forest: canopy dominated by E. tenuiramis with some E. obliqua and an
understorey of low shrubs with patches of bracken (Pteridium esculentum) and rare taller shrubs.
The two E. amygdalina habitat types were rare in the study area, so we combined them into a single
category of E. amygdalina forest. This forest type occurred on the more fertile soils of the area (see
Results). Both E. obliqua forest and E. tenuiramis forest occurred on less fertile soils, and otherwise
represented a gradient from wetter (E. obliqua) to drier (E. tenuiramis) habitats. Medium-sized
mammals occurring in the area included the short-beaked echidna, southern brown bandicoot, eastern
barred bandicoot, eastern bettong and long-nosed potoroo. Estimating population densities for these
species was beyond the scope of this study, but a study of the eastern bettong population of the area
in 2016 and 2017 obtained a density estimate of 11.5 individuals per km2 (R. Gardiner, K. Proft &
S. Comte 2018, personal communication).2.2. Data collection
We located sample plots using a map grid and a randomly generated set of coordinates. Twenty sample
plots were in the western section of the Conservation Area, spread over 200 ha, and 20 in the eastern
section spread over 600 ha. The number of plots in the three habitat types reflected the area of each:
seven plots in E. amygdalina forest, 19 in E. obliqua forest and 14 in E. tenuiramus forest. The first
20 plots were 20  5 m. Two further plots were 10  5 m and the remaining 18 were 5  5 m.
Resampling within large plots showed that plot area did not affect estimates of digging density ( p ¼
0.125, t19 ¼ 1.605); therefore, all plots were treated in the same way in the analysis. In each plot, all
diggings were marked using a short wire peg to which a length of flagging tape was tied, and
identified by a number code written on the tape, and locations of diggings within the plot were
mapped. Each digging was assigned a value for relative age on a ten-point scale: zero value was
given for freshly dug diggings (with no in-filling of the pit by organic matter, and the spoil heap still
loose and clear of litter) and nine was given for diggings that could no longer be distinguished from
the surrounding soil surface but had been identified and marked earlier in the study. Precise
identification, mapping and age-indexing of diggings allowed us to identify the appearance of new
diggings and to distinguish cases of re-excavation of old diggings when plots were re-surveyed. The
species responsible for excavating the digging was identified where possible by careful examination of
digging direction and style, associated tracks and signs [24], and by comparison to pits where species
identity had been confirmed by remote cameras.
Each digging consisted of an excavated pit and associated spoil heap. We measured the long axis of
each digging and the short axis perpendicular to it at its widest point and used these dimensions to
calculate the surface area of an imaginary rectangle surrounding the disturbance. The percentage of
this area that was disturbed was then estimated, to derive a value for the surface area of the
disturbance. The dimensions of the pit and spoil heap were measured individually using the same
Table 1. Correlation coefﬁcients describing relationships between original soil variables and scores for the ﬁrst three principal
components describing variation in the composition of soil samples (75% of variance cumulatively explained); strong correlations
(r. 0.7) are shown in italics.
measurement PC 1 PC 2 PC 3
pH 0.15 0.80 20.43
conductivity 0.83 20.10 0.04
ammonium nitrogen 0.27 0.16 0.81
nitrate nitrogen 0.42 0.54 20.29
phosphorus 0.78 0.28 0.34
potassium 0.77 20.25 20.42
sulfur 0.82 20.38 0.18
organic carbon % 0.77 20.20 0.14
DTPA copper 0.73 0.46 20.04
DTPA iron 0.61 20.66 0.05
DTPA manganese 0.31 0.77 0.27
DTPA zinc 0.85 0.14 0.30
aluminium 0.11 20.95 20.05
calcium 0.70 0.64 20.15
magnesium 0.89 0.31 20.24
potassium 0.88 20.25 20.18
sodium 0.74 20.48 20.21
boron 0.82 20.27 0.04
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space was an inverted elliptical cone, such that
volume ¼ p 0:5 length0:5 widthdepth
3
:
Measurements were repeated four times over one year (once every three months) in each study site;
October 2012–November 2013 in the west and February 2013–March 2014 in the east.
Soil samples were collected just outside (within 5 m) all plots so as not to disturb other sampling.
Samples were taken from (i) soil formed in the pit of older diggings in which litter trapped by the pit
had at least partially decomposed into soil, (ii) the freshly excavated spoil heaps of newer diggings
and (iii) undisturbed topsoil. Each soil sample (i, ii and iii) from each plot comprised a subsample of
30 homogenized soil samples. The maximum diameter for pits selected for soil sampling was 15–
20 cm. The samples were taken using a 2.5 inch soil corer. Triplets of samples (i, ii and iii) were taken
within a 1 m2 area. The chemical characteristics (table 1) of each of 120 homogenized samples (three
sample types from 40 plots) were determined by a commercial laboratory (CSBP Laboratory: https://
www.csbp-fertilisers.com.au/agronomy/lab) using standard methods. Soil penetration resistance was
measured using a penetrometer top to determine penetrometer force (Kgf cm3). Thirty random
measurements within each plot of neighbouring (within 2 m) triplets of (i) soil in pits, (ii) spoil heaps
and (iii) undisturbed topsoil, were made. The same process was repeated using a moisture probe to
estimate soil moisture (% by weight). All measurements of soil moisture were taken within a single 4
day period and the number of days elapsed since last rainfall was recorded for each measurement day.2.3. Data analysis
We simplified our data on soil fertility by using a principal components analysis to identify major trends
in variation among the different elemental concentrations as well as conductivity and pH, and to extract a
single variable that represented correlated variation in many of these variables and was interpretable as a
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Figure 1. Densities of diggings by the eastern bettong (dark bars) and short-beaked echidna (white bars) in three major habitat
types. Values are means +95% confidence intervals.
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this measure of soil fertility, by contrasting measurements on soil samples from three digging conditions:
soil taken from the foraging pits themselves, from spoil heaps beside foraging pits and from adjacent
areas undisturbed by digging mammals. Because these samples were collected as triplets at each plot,
we entered plot ID as a random effect to control for non-independence of soil samples among the
three conditions. The model also included the effects of the three main habitat types to investigate
the additive and interactive effects of habitat as well as digging treatment on soil fertility. Thus, the
model took the form: Soil Fertility PC1  Habitat Type þ Digging Treatment þ Habitat Type 
Digging Treatment þ (1jPlot ID).
We used the same modelling approach to investigate the relationships of digging and habitat to soil
hardness measured by penetrometer force and to soil moisture, except that for these variables we
included number of days since most recent rainfall as an additional predictor covariate. This was
necessary because while all samples were collected at the same time of year, they were collected on
different days, and differences in time since rain could affect soil hardness and moisture content.
Thus, these models took the form: Penetrometer Force or Soil Moisture Content  Days Since
Rainfall þ Habitat Type þ Digging Treatment þ Habitat Type  Digging Treatment þ (1jPlot ID). All
models were built using a Bayesian framework in R [25] using the package MCMCglmm, with
p-values profiled using Markov chain Monte Carlo (MCMC) simulations. Because of the non-
independence of the soil samples in relation to digging condition, we additionally evaluated the
amount of variation explained by plot ID in the model by dividing the variance explained by the
random effect (plot ID) with the sum of the variance from the random and fixed effects.3. Results
3.1. Physical impacts of diggings
The mean standing density of diggings from four surveys of 40 plots was 5812 (+909) diggings ha21,
ranging from 875 to 12 450 ha21 at individual plots. Of all diggings, 41% were made by eastern
bettongs, 42% by short-beaked echidnas, 3% by bandicoots (probably southern brown bandicoots, but
diggings of the two species present in the area could not be distinguished) and 14% were
unidentified. Density of eastern bettong diggings varied among habitat types, being generally low
(but highly variable among plots) in E. amygdalina forest, and consistently high in the other two
habitat types, especially E. tenuiramis forest. Density of echidna diggings was similar among the three
major habitat types (figure 1).
The mean area disturbed by each digging was 0.19 (+0.02) m2, of which approximately 40% was the
excavated pit and 60% the spoil heap. The average pit was roughly an elliptical cone or semi-ellipsoid with
width 18.29 (+0.44) cm, length 15.45 (+0.37) cm, depth 14.40 (+0.50) cm and volume 0.0021 (+0.0007)
m3. Diggings made by bettongs were generally larger than those of echidnas, disturbing nearly twice the
surface area (on average 0.26 m2 compared to 0.14 m2) and with proportionally larger spoil heaps (63%
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volume, respectively). Bandicoot diggings were 0.00075 m3 and unknown diggings averaged 0.0016 m3.
On average, diggings for all species affected 11% (+3) of the forest floor, consisting of pits 4.4%
(+1.2) and spoil heaps 6.6% (+1.8), and represented 12.2 (+4.06) m3 of excavated soil per hectare.
Diggings disturbed 6.5% (+2.1) of the forest floor annually, displacing 7.1 (3.7–11.6) m3 ha21 yr21 of
soil. New diggings were created at a rate of 2377 (+499) ha21 yr21, and diggings decayed to non-
detectability at 3113 (+798) ha21 yr21, except that some old diggings were re-excavated (1018+
256 ha21 yr21). Excluding re-excavations, new digging disturbed between 3.2 and 6.0% (mean 4.5%) of
the forest floor annually, excavating 5.0 (2.6–8.1) m3 ha21 yr21 of the previously undisturbed soil. Of
196 re-excavations identified to species, 131 were by echidnas and 65 by bettongs; 137 were originally
dug by bettongs and 59 by echidnas. Re-excavated diggings had average length (21.27 cm), width
(19.31 cm), depth (15.83 cm) and volume (0.0036 m3), close to the average size of bettong diggings,
and the largest echidna diggings.
3.2. Effects of diggings on soil fertility, hardness and moisture
The first PC axis accounted for 46.98% of soil-composition data. Scores on PC1 were strongly correlated
with conductivity and organic carbon concentration, as well as with concentrations of elements such as
phosphorus, potassium, sulfur, copper, zinc, calcium, magnesium, sodium and boron, and were
positively but less strongly correlated with nitrogen (table 1). We interpret this PC as representing
general soil nutrient availability, and in subsequent analysis we use it to represent soil fertility.
Values of PC1 varied among habitats and digging treatments (figure 2a). Eucalyptus tenuiramis and
E. obliqua forest had lower soil fertility than E. amygdalina forest. Fertility was higher in the soil
samples taken from foraging pits than in the samples of undisturbed soil, and lower in the samples
from spoil heaps, but these differences were affected by interactions with habitat. Fertility of soil from
foraging pits was elevated with respect to undisturbed soil in the E. obliqua and E. tenuiramis forest
habitats, which were both of generally low fertility, while the fertility of soil from spoil heaps in those
habitats did not differ from that of undisturbed soil (figure 2a). Overall, plot ID explained 54.2% (CI
35.4–72.9) of variation in soil fertility.
Soil penetration resistance (representing hardness) was not significantly related to habitat or days
since rainfall but was strongly affected by the digging treatment: soil from pits and spoil heaps was
much less resistant than undisturbed soil (figure 2b). Plot ID explained a negligible amount of
variation in penetration resistance (less than 0.01%). Days since rain tended to have a negative effect
on soil moisture content (figure 2c), and soil moisture was also lower in E. tenuiramis than
E. amygdalina forest. Soil moisture was strongly affected by digging treatment, being high in soil from
foraging pits and low in soil from spoil heaps, relative to undug soil in all habitats. Overall, there was
a strong effect of plot ID on soil moisture of 77.2% (CI 60.9–86.5).4. Discussion
Digging by mammals had significant effects on soil. The digging of foraging pits, followed by the passive
infilling of those pits with mixed soil and litter, created patches of loose and nutrient-rich soil that
retained higher moisture content than surrounding soil. Spoil heaps thrown out of foraging pits
formed patches of bare ground. Digging therefore created a fine-scaled patchwork of differing ground
cover and edaphic conditions. Given the high rate at which new diggings were excavated and old
diggings disappeared as a result of infilling, this patchwork was dynamic and produced a shifting
pattern of fine-scaled disturbance across the forest floor. The effects of digging ameliorated other
environmental stresses, because the localized increase in soil fertility due to digging was greatest in
habitats of lower fertility and increases in soil moisture were greatest in habitats where soil moisture
was otherwise low.
This was the first study of the effects of bioturbation by native mammals in a temperate dry
sclerophyll forest environment. It was also the first such study in Tasmania, where all of the original
native digging mammals are extant. The few measurements of diggings by medium-sized native
mammals that have been made in other parts of Australia suggest that digging activity can be
comparable to values recorded here and may generally be higher in woodland environments than in
arid shrublands and grasslands. However, these high values are found only where populations of
critical-weight-range marsupials are wholly or partially protected by control of invasive predators. In
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Figure 2. Coefficient sizes (+95% credible intervals) and associated p-values of the effects of habitat types, digging treatment, and
the interaction between habitat type and digging treatment (that is, soil taken from pits dug by mammals, from spoil heaps created
as a result of digging and from undisturbed ground), on (a) soil fertility ( first principal component of soil composition),
(b) penetrometer force (representing soil hardness) and (c) soil moisture content. Coefficient sizes and p-values are relative to
E. amygdalina ( for habitat) and undisturbed topsoil ( for digging treatment).
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population of the critically endangered woylie Bettongia penicillata excavated 5000–16 000 diggings, and
displaced an estimated 1.6–4.0 tonnes of soil, per ha per year [11]. These digging rates were
approximately doubled in a small predator-free fenced reserve in Western Australia [16]. The
combined efforts of reintroduced greater bilbies Macrotis lagotis and burrowing bettongs Bettongia
lesueur in a large predator-free exclosure in an arid environment produced around 1100 diggings ha21
representing 4.29 tonnes ha21 of displaced soil [26]. In a semi-arid environment open to invasive
predators, densities of diggings by echidnas varied from approximately 120 to 400 ha21, depending
on habitat [27], considerably less than the densities of digging by echidnas recorded in this study.
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each year [28], suggesting that even at quite low densities, echidnas can have large impacts on soil
structure.
The eastern bettong and short-beaked echidna were responsible for most of the digging activity in our
study area. Digging by bettongs was variable in space, being greatest in drier forests with open heath
understorey vegetation. This result is consistent with previous research that found positive
relationships between density of bettong diggings and characteristics of dry heathy forest, especially
extent of bare ground and stem densities of Eucalyptus tenuiramis and Acacia dealbata [29]. In wetter
and denser forest types in Tasmania, the eastern bettong is replaced by the long-nosed potoroo.
Although we did not measure the densities of diggings produced by long-nosed potoroos, our
observations in other sites suggest that this species is responsible for levels of digging activity at least
as high as those we measured for eastern bettongs. We suggest, therefore, that bioturbation by
marsupials is a prominent characteristic of a wide range of Tasmanian environments. Digging by rat-
kangaroos varies in time as well as in space. For example, digging rates increase soon after fire,
apparently as animals exploit increased availability of their main food—sporocarps of hypogeous
ectomycorrhizal fungi—in the aftermath of fire [21,30]. Also, populations of the eastern bettong in
Tasmania evidently fluctuate in response to climate variation on timescales of several years (K. Proft
2018, personal communication). These variations are likely to cause changes in the scale of digging
that could affect the temporal dynamics of other plant and animal communities, but our study was of
insufficient duration to measure these changes.
Echidna digging activity was similar across different soil and vegetation types in our study area,
suggesting that echidnas did not favour particular environments for foraging. This may be because
their food (invertebrates, especially ants) is abundant and widespread in Tasmanian forests and
woodlands. Elsewhere, variation in densities of diggings by echidnas has been linked only to the
availability of shelters [31].
Our results support other studies that have found strong effects of digging by medium-sized
Australian mammals on soil characteristics [32–34]. These effects consist, first, of direct physical
displacement and loosening of soil. Digging of foraging pits also mixes soil from surface and sub-
surface layers, and it incorporates litter into soil because some litter is buried under spoil heaps
[35,36]. Loosening of soil by bettongs and other mammals allows higher water infiltration [10,37];
also, the foraging pits themselves capture water that would otherwise flow across the undisturbed soil
surface and be partially lost from the local habitat.
Foraging pits act as traps that accumulate mobile debris as well as moisture. Our data suggest that pits
were quite efficient traps, given that they were typically infilled over periods of one or two years. We did
not study the process of accumulation of material in foraging pits, but two distinct mechanisms appear to
be involved. First, material that is deposited directly into pits as part of the general fall of leaves, twigs
and bark from the shrub and tree company is protected from wind and water and so is unlikely to be
secondarily displaced. Second, material that is moved laterally across the surrounding soil surface by
wind or water may come to rest in pits, preventing further displacement; such material would include
fine soil particles and microfauna as well as litter. More subtly, spoil heaps probably also impede
lateral movement of these soil and organic fractions, which accumulate in drifts where their directional
movement encounters spoil heaps. The effect of these processes is to cause a redistribution of such
material, and to concentrate it in microsites disturbed by mammal diggings, especially in the pits
themselves. Perhaps more importantly, diggings probably reduce the total loss of such material from
areas—on sloping ground, for example—that would otherwise be susceptible to mass erosion of
mobile soil and organic fractions by wind and water. Consequently, mammalian diggings not only
cause fine-scaled redistribution and concentration of soil particles and organic matter, but may also
provide insurance against the loss of such material at broader scales.
A general result of the processes described above is that soil nutrients are retained and concentrated
in micro-sites disturbed by mammal diggings. Soil that formed in foraging pits had higher nutrient
availability than undisturbed soil. The difference was large, of a magnitude that approached
differences in soil fertility across major habitat contrasts in our study area. Other studies have also
reported elevated soil nutrient status in foraging pits created by Australian mammals [32–34,38,39].
These differences have significant effects on plant growth, leading to higher growth rates of grasses,
shrubs and trees in soil taken from foraging pits than from surrounding undisturbed soil [35,38,40].
We found that existing diggings were often re-excavated. This could be because foraging mammals
dig in the sites that are most productive for the foods they seek (in this case, those foods were
predominantly hypogeous fungi for eastern bettongs, and invertebrates for short-beaked echidnas),
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sci.6:180621and they are therefore more likely to re-dig in the same sites. However, the high frequency of cases of
previous diggings being precisely re-dug suggests another possibility: that initial disturbance by
mammals promotes replenishment of the same resources, so that sites become more productive once
they have been disturbed, and the animals responsible for the initial disturbance preferentially return
to harvest those replenishing resources. If this speculation is correct, re-excavation of diggings could
represent a form of niche construction by digging mammals, in which their activities cause a shift in
resource productivity and hence an increase in carrying capacity for those same animals. Positive
resource utilization–production feedback is a characteristic of some other ecosystem engineers, such as
the North American beaver Castor canadensis [41]. An alternative explanation for re-excavation of old
pits is that the looseness of soil in such pits makes re-digging easier, shifting the cost–benefit ratio for
digging in favour of previously dug rather than novel sites.
The eastern bettong is extinct on mainland Australia, and persists only in Tasmania, except for a
recently established mainland population in a fenced reserve [42]. The two species of bandicoots that
persist in Tasmania are also rare on mainland Australia, while the long-nosed potoroo, still abundant
in Tasmania, has declined in southeastern mainland Australia [43]. More generally, medium-sized
mammals that dig for their food in the ecosystems of mainland Australia have declined dramatically
since European settlement [17,43]. Our data support the hypothesis that the loss of digging species
has changed soil characteristics, reduced soil fertility and degraded ecosystem functioning over large
areas of Australia [16,44]. For these reasons, reintroduction of digging mammals such as the eastern
bettong that have become extinct from large parts of their original ranges should be a crucial element
of ecological management and restoration of ecosystems on mainland Australia.
Research and animal ethics. This project was approved by the University of Tasmania Animal Ethics Committee.
Permission to carry out fieldwork. Permits to conduct work in the study area and remove soil samples were provided by the
Tasmanian Department of Primary Industries, Parks, Wildlife and Environment.
Data accessibility. Data are available as electronic supplementary material.
Authors’ contributions. G.D., C.J., J.K. and E.C. designed the study, and G.D. collected data. S.C., G.D. and C.J. analysed
data. G.D. and C.J. led the writing, and all authors contributed to manuscript development and approved the final
draft.
Competing interests. We have no competing interests.
Funding. Funding was provided to C.J. by the Hermon Slade Foundation, and the National Environmental Research
Program through its Landscape and Policy Hub.
Acknowledgements. We thank Tierney O’Sullivan for his assistance with fieldwork.References
1. Jones CG, Lawton JH, Shachak M. 1994
Organisms as ecosystem engineers. Oikos
69, 373–386. (doi:10.2307/3545850)
2. Wilkinson MT, Richards PJ, Humphreys GS. 2009
Breaking ground: pedological, geological, and
ecological implications of soil bioturbation.
Earth Sci. Rev. 97, 257–272. (doi:10.1016/j.
earscirev.2009.09.005)
3. Whitford WG, Kay FR. 1999 Biopedturbation
by mammals in deserts: a review. J. Arid
Environ. 41, 203–230. (doi:10.1006/jare.
1998.0482)
4. Inouye RS, Huntly N, Wasley GA. 1997 Effects of
pocket gophers (Geomys bursarius) on
microtopographic variation. J. Mammalogy 78,
1144–1148. (doi:10.2307/1383056)
5. Mielke HW. 1977 Mound building by pocket
gophers (Geomyidae): their impact on soils and
vegetation in North America. J. Biogeography 4,
171–180. (doi:10.2307/3038161)
6. Kerley GIH, Whitford WG, Kay FR. 2004 Effects
of pocket gophers on desert soils and
vegetation. J. Arid Environ. 58, 155–166.
(doi:10.1016/j.jaridenv.2003.08.001)
7. James AI, Eldridge DJ, Moseby KE. 2010
Foraging pits, litter and plant germination in anarid shrubland. J. Arid Environ. 74, 516–520.
(doi:10.1016/j.jaridenv.2009.09.016)
8. Smallwood KS, Morrison ML. 1999 Estimating
burrow volume and excavation rate of pocket
gophers (Geomyidae). Southwestern Nat. 44,
173–183.
9. Reichman OJ, Seabloom EW. 2002 The role of
pocket gophers as subterranean ecosystem
engineers. Trends Ecol. Evol. 17, 44–49.
(doi:10.1016/S0169-5347(01)02329-1)
10. Garkaklis MJ, Bradley JS, Wooller RD. 2000
Digging by vertebrates as an activity promoting
the development of water repellent patches in
sub-surface soils. J. Arid Environ. 45, 35–42.
(doi:10.1006/jare.1999.0603)
11. Garkaklis MJ, Bradley JS, Wooller RD. 2004
Digging and soil turnover by a mycophagous
marsupial. J. Arid Environ. 56, 569–578.
(doi:10.1016/S0140-1963(03)00061-2)
12. Eldridge DJ. 2004 Mounds of the American
Badger (Taxidea taxus): significant features of
North American shrub-steppe ecosystems.
J. Mammalogy 85, 1060–1067. (doi:10.1644/
BEH-105.1)
13. Bowker MA, Eldridge DJ, Val J, Soliveres S. 2013
Hydrology in a patterned landscape isco-engineered by soil-disturbing animals and
biological crusts. Soil Biol. Biochem. 61, 14–22.
(doi:10.1016/j.soilbio.2013.02.002)
14. Risch AC, Wirthner S, Busse MD, Page-Dumroese
DS, Schu¨tz M. 2010 Grubbing by wild boars (Sus
scrofa L.) and its impact on hardwood forest soil
carbon dioxide emissions in Switzerland.
Oecologia 164, 773–784. (doi:10.1007/s00442-
010-1665-6)
15. Bragg CJ, Donaldson JD, Ryan PG. 2005 Density
of Cape porcupines in a semi-arid environment
and their impact on soil turnover and related
ecosystem processes. J. Arid Environ. 61,
261–275. (doi:10.1016/j.jaridenv.2004.
09.007)
16. Fleming PA, Anderson H, Prendergast AS,
Bretz MR, Valentine LE, Hardy GES. 2014 Is
the loss of Australian digging mammals
contributing to a deterioration in ecosystem
function? Mam. Rev. 44, 94– 108. (doi:10.
1111/mam.12014)
17. Johnson C. 2006 Australia’s mammal extinctions:
a 50 000 year history. Melbourne, Australia:
Cambridge University Press.
18. Johnson CN, Isaac JL. 2009 Body mass and
extinction risk in Australian marsupials: the
10
royalsocietypublishing.org/journal/rsos
R.Soc.open
sci.6:180621‘Critical Weight Range’ revisited. Austral Ecol. 34,
35–40. (doi:10.1111/j.1442-9993.2008.01878.x)
19. Burbidge AA, McKenzie NL. 1989 Patterns in the
modern decline of Western Australia’s vertebrate
fauna: causes and conservation implications.
Biolo. Conserv. 50, 143–198. (doi:10.1016/
0006-3207(89)90009-8)
20. Claridge AW, May TW. 1994 Mycophagy among
Australian mammals. Aust. J. Ecol. 19, 251–275.
(doi:10.1111/j.1442-9993.1994.tb00489.x)
21. Johnson CN. 1994 Nutritional ecology of a
mycophagous marsupial in relation to
production of hypogeous fungi. Ecology
75, 2015–2021. (doi:10.2307/1941606)
22. Sprent JA, Nicol SC. 2016 Diet of the short-
beaked echidna (Tachyglossus aculeatus) in the
Tasmanian Southern Midlands. Aust.
Mammalogy 38, 188–194. (doi:10.1071/
AM15023)
23. FPA. 2005 Forest botany manual module 5:
midlands region. Tasmania, Australia: Forest
Practices Authority.
24. Triggs B. 1996 Tracks, scats and other traces: a
field guide to Australian mammals. Melbourne,
Australia: Oxford University Press.
25. R Core Team. 2014 R: A language and
environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing.
26. James AI, Eldridge DJ. 2007 Reintroduction of
fossorial native mammals and potential impacts
on ecosystem processes in an Australian desert
landscape. Biol. Conserv. 138, 351–359.
(doi:10.1016/j.biocon.2007.04.029)
27. Eldridge DJ, Kwok ABC. 2008 Soil disturbance by
animals at varying spatial scales in a semi-arid
Australian woodland. Rangeland J. 30,
327–337. (doi:10.1071/RJ08008)
28. Clemente CJ, Cooper CE, Withers PC, Freakley C,
Singh S, Terrill P. 2016 The private life of
echidnas: using accelerometry and GPS to
examine field biomechanics and assess the
ecological impact of a widespread, semi-fossorial monotreme. J. Exp. Biol. 219,
3271–3283. (doi:10.1242/jeb.143867)
29. Johnson CN. 1994 Distribution of feeding
activity of the Tasmanian bettong Bettongia
gaimardi in relation to vegetation patterns.
Wildlife Res. 21, 249–255. (doi:10.1071/
WR9940249)
30. Johnson CN. 1995 Interactions between fire,
mycophagous mammals, and dispersal of
ectromycorrhizal fungi in Eucalyptus forests.
Oecologia 104, 467–475. (doi:10.1007/
BF00341344)
31. Smith AP, Wellham GS, Green SW. 1989
Seasonal foraging activity and microhabitat
selection by echidnas (Tachyglossus aculeatus)
on the New England Tablelands. Aust. J. Ecol.
14, 457–466. (doi:10.1111/j.1442-9993.1989.
tb01455.x)
32. Eldridge DJ, Mensinga A. 2007 Foraging pits of
the short-beaked echidna (Tachyglossus
aculeatus) as small-scale patches in a semi-arid
Australian box woodland. Soil Biol. Biochem. 39,
1055–1065. (doi:10.1016/j.soilbio.2006.11.016)
33. James AI, Eldridge DJ, Hill BM. 2009 Foraging
animals create fertile patches in an Australian
desert shrubland. Ecography 32, 723–732.
(doi:10.1111/j.1600-0587.2009.05450.x)
34. Garkaklis MJ, Bradley JS, Wooller RD. 2003 The
relationship between animal foraging and
nutrient patchiness in south-west Australian
woodland soils. Aust. J. Soil Res. 41, 665–673.
(doi:10.1071/SR02109)
35. Valentine LE, Ruthrof KX, Fisher R, Hardy GESJ,
Hobbs RJ, Fleming PA. 2018 Bioturbation by
bandicoots facilitates seedling growth by
altering soil properties. Funct. Ecol. 32,
2138–2148. (doi:10.1111/1365-2435.13179)
36. Hayward MW, Ward-Fear G, L’Hotellier F,
Herman K, Kabat AP, Gibbons JP. 2016 Could
biodiversity loss have increased Australia’s
bushfire threat? Animal Conserv. 19, 490–497.
(doi:10.1111/acv.12269)37. Garkaklis MJ, Bradley JS, Wooller RD. 1998 The
effects of Woylie (Bettongia penicillata) foraging
on soil water repellency and water infiltration in
heavy textured soils in southwestern Australia.
Aust. J. Ecol. 23, 492–496. (doi:10.1111/j.1442-
9993.1998.tb00757.x)
38. Travers S, Eldridge D, Koen T, Soliveres S. 2012
Animal foraging pit soil enhances the
performance of a native grass under stressful
conditions. Plant Soil 352, 341–351. (doi:10.
1007/s11104-011-1000-y)
39. Valentine LE, Anderson H, Hardy GES, Fleming
PA. 2013 Foraging activity by the southern
brown bandicoot (Isoodon obesulus) as a
mechanism for soil turnover. Aust. J. Zool. 60,
419–423. (doi:10.1071/ZO13030)
40. Valentine LE, Bretz M, Ruthrof KX, Fisher R,
Hardy GESJ, Fleming PA. 2017 Scratching
beneath the surface: bandicoot bioturbation
contributes to ecosystem processes. Aust. Ecol.
42, 265–276. (doi:10.1111/aec.12428)
41. Wright JP, Jones CG, Flecker AS. 2002 An
ecosystem engineer, the beaver, increases
species richness at the landscape scale.
Oecologia 132, 96–101. (doi:10.1007/s00442-
002-0929-1)
42. Portas TJ, Cunningham RB, Spratt D, Devlin J,
Holz P, Batson W, Owens J, Manning AD. 2016
Beyond morbidity and mortality in
reintroduction programmes: changing health
parameters in reintroduced eastern bettongs
Bettongia gaimardi. Oryx 50, 674–683. (doi:10.
1017/S0030605315001283)
43. Woinarski JCZ, Burbidge AA, Harrison PL. 2014
The action plan for Australian mammals 2012.
Melbourne, Australia: CSIRO Publishing.
44. Martin G. 2003 The role of small ground-
foraging mammals in topsoil health and
biodiversity: Implications to management
and restoration. Ecol. Manage. Restor. 4,
114–119. (doi:10.1046/j.1442-8903.2003.
00145.x)
